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Abstract Explosive compounds, including known
toxicants 2,4,6-trinitrotoluene (TNT) and hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX), are loaded to soils
during military training. Their fate in soils is
ultimately controlled by soil mineralogical and
biogeochemical processes. We detonated pure
mineral phases with Composition B, a mixture of

TNT and RDX, and investigated the fate of
detonation residues in aqueous slurries constructed
from the detonated minerals. The pure minerals
included Ottawa sand (quartz and calcite), micro-
cline feldspar, phlogopite mica, muscovite mica,
vermiculite clay, beidellite (a representative of the
smectite clay group), and nontronite clay. Energy-
dispersive X-ray spectrometry, X-ray diffraction,
and gas adsorption surface area measurements
were made of the pristine and detonated minerals.
Batch slurries of detonated minerals and deionized
water were sampled for 141 days and TNT, RDX,
and TNT transformation products were measured
from the aqueous samples and from the mineral
substrates at day 141. Detonated samples generally
exhibited lower gas adsorption surface areas than
pristine ones, likely from residue coating, shock-
induced compaction, sintering, and/or partial fusion.
TNT and RDX exhibited analyte loss in almost all
batch solutions over time but loss was greater in
vermiculite, beidellite, and phlogopite than in
muscovite and quartz. This suggests common
phyllosilicate mineral substrates could be used on
military training ranges to minimize off-site migration
of explosive residues. We present a conceptual
model to represent the physical and chemical
processes that occurred in our aqueous batches
over time.
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1 Introduction

Artillery and mortar projectiles, hand grenades, and
some small caliber ammunition contain explosive
compounds 2,4,6-trinitrotoluene (TNT), hexahydro-
1,3,5-trinitro-1,3,5-triazine (RDX), and octahydro
1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX). These
toxic compounds (Rickert 1985) and their transfor-
mation products can be deposited to soils and
eventually to surface water during training exercises.
As a consequence, explosive residues on training
range soils pose a long-term contamination risk for
the Department of Defense and industry.

Nitramines like RDX and HMX are generally
considered conservative in soils but nitroaromatic
compounds (NACs) like TNT partition from aqueous
solutions onto sediment surfaces, especially to clays
(Haderlein et al. 1996; Brannon et al. 2002; Eriksson
et al. 2004; Charles et al. 2006). TNT undergoes
reductive transformation to 2-amino-4,6-dinitrotoluene
(2ADNT) and 4-amino-2,6-dinitrotoluene (4ADNT)
while RDX undergoes reductive transformation to
hexahydro-1-nitroso-3,5-dinitro-1,3,5-triazine (MNX),
hexahydro-1,3-dinitroso-5-nitro-1,3,5-triazine (DNX)
and hexahydro-1,3,5-trinitroso-1,3,5-triazine (TNX)
(Hawari et al. 2000). The uptake of explosive com-
pounds and their transformation products onto
mineral surfaces and the in situ transformation of
munitions compounds is controlled largely by
biogeochemical parameters (Braida et al. 2002;
Crocker et al. 2005; Dontsova et al. 2006; Larson et
al. 2008; Douglas et al. 2009a, b; Hawari et al. 2000).

There is great potential in exploiting the surface
chemical interactions between explosive residues and
specific mineral phases as a means of sequestering or
transforming explosive compounds to limit their off-
site transport and minimize risk. There are numerous
investigations of explosive sorption and transforma-
tion in the presence of mineral and soil surfaces
(Yamamoto et al. 2004; Dontsova et al. 2006; Larson
et al. 2008). Clays have shown the most promise in
sorbing explosives and promoting the reductive
transformation of NACs (Brannon et al. 2002;
Haderlein et al. 1996; Hofstetter et al. 2003; Li et al.
2004; Charles et al. 2006; Roberts et al. 2006; Jaisi et
al. 2007).

Much of the aforementioned research investigating
the sorption/desorption and transformation of explo-
sive compounds used the aqueous addition of

laboratory standards containing explosives to “load”
the samples into soil and mineral batch reactors. This
is despite the fact that explosive events load residues
and not pure compounds to training range substrates
and they load them heterogeneously (Hundal et al.
1997; Jenkins et al. 2006; Pantea et al. 2006; Douglas
et al. 2011a). The chemical/physical pathways of
explosive compounds in detonated (and subsequently
wetted) impact area soils are initially controlled by the
dissolution and desorption of compounds from the
residues followed by sorption onto reactive surfaces.
Results from aqueous addition studies may not fully
represent the processes that occur on training ranges.
To address this we detonated eight pure mineral
phases with Composition B, a commonly used
explosive formulation containing TNT, RDX, and
HMX. We constructed batches by mixing detonated
minerals with ultrapure water and monitored primary
(TNT, RDX, and HMX) and transformation product
(2ADNT, 4ADNT) concentrations for 141 days.
Energy-dispersive X-ray spectrometry, X-ray diffrac-
tion, and surface area measurements were used to
compare the pristine and detonated mineral surfaces
and to determine if the extreme heat and/or pressures
of detonation altered the mineralogical composition of
the detonated substrates.

2 Experimental Section

2.1 Sample Detonation

Ten kilograms of eight pure minerals were procured
from suppliers (Table 1). These included Ottawa sand
(quartz and calcite), microcline feldspar, phlogopite
mica, two muscovite micas, vermiculite clay, beidel-
lite (a representative of the smectite clay group) and
nontronite clay. An uli style knot of military detona-
tion cord (cotton and asphalt tubing filled with
pentaerythritol tetranitrate) was placed in the bottom
of a paper cup containing 120 g of flaked Composition
B. The paper cup was positioned at the bottom of a
20×40×50-cm steel can and samples containing 0.4 to
9 kg of each of the eight pure mineral types were
gently poured into the steel can to a height of 15 cm.
The steel can was located in a 2×2×2-m steel
container that was open at the top. Sample detonation
was initiated with a M21 shock tube initiator (lead,
barium, antimony, and aluminum compounds with
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pentaerythritol tetranitrate and minor HMX) from a
protected location 200-m away.

2.2 Chemical Composition, Mineralogy, Surface
Imaging, and Surface Area Measurements of Pristine
and Detonated Samples

The chemical composition (by mass) of major
elements in the eight minerals was quantified using
an energy-dispersive X-ray spectrometer (EDS;
Quantax system, Bruker AXS, Ewing, NJ) on random
powders using standard techniques. Based on numer-
ous analyses of laboratory standards, the EDS yields a
precision of ±0.5% by mass. Each sample was
analyzed in triplicate.

The mineralogy of the pure mineral phases before
and after detonation was determined by X-ray
diffraction. We used a Philips PW1800 Automated
Powder Diffractometer system (Philips International,
Amsterdam, Netherlands) with CuKα radiation and
step scanning from 2 to 65°2θ with 0.05°2θ steps.
Collections lasted for 3 to 4 s per step. Diffraction
patterns were collected using Datascan and analyzed
using Jade (both from Materials Data Incorporated,
Livermore, CA).

Brunauer–Emmett–Teller (BET) analysis was used
to quantify the specific surface area of the mineral
samples based on nitrogen adsorption (Brunauer et al.
1938). Multipoint surface area analyses were made
from duplicate sample splits of approximately 2 g of
each soil sample. Minerals were held under vacuum
(0 torr) overnight at 105°C before surface area
analysis with nitrogen gas (N2) in a liquid nitrogen
atmosphere (−194.8°C). Results from six relative
pressure points were reduced to surface area values
applying BET theory. Most samples were analyzed in
triplicate and the mean values are given here.

2.3 Batch Experiment Aqueous and Mineralogical
Samples

All sample batch slurries were prepared in duplicate. We
mixed between 0.8 and 23.5 g of each sample into an
amber glass bottle containing 480-mL of 18 MΩ water.
The mass of detonated mineral used in each batch
experiment was determined to ensure the maximum
RDX and TNT concentrations in the aqueous phase
(calculated by diluting the acetonitrile-extractable
analyte mass in 480 mL of water) would be below the

solubility limits of 150 mg/L for TNT (Prak and
O’Sullivan 2006) and 46.6 mg/L for RDX (Monteil-
Rivera et al. 2004). The glass bottles were capped and
placed on a platform shaker and shaken continuously
at 200 rpm in the dark at 20°C for 3 months.

Ten 1-mL samples of the batch slurry solution
were collected from the batches at the following
elapsed times: 30 min and 3, 9,17, 34, 52, 74, and
141 days. The 1-ml sample aliquots were pipetted into
a 7-ml amber glass vial with a polytetrafluoroethylene
(PTFE, Teflon) lid. Two milliliters of 18 MΩ water
and 1 ml of HPLC-grade acetonitrile were added to
each vial. Samples were stored at −20°C in the dark
until they were analyzed. Concentrations of RDX,
HMX, TNT, 2ADNT, 4ADNT, MNX, and DNX were
determined following extraction and analytical meth-
ods in SW846 Method 8330B [U.S. EPA 2006].
Samples were filtered through a Millex-FH PTFE
(Teflon) 0.45-μm filter and introduced with a 100-ml
sample loop into a Finnigan SpectraSYSTEM Model
P4000 liquid chromatography (Thermo Electron)
using a ultraviolet/visible absorbance detector at
254 nm (cell path 1 cm). Separations were achieved
on a 15 cm×3.9 mm (4 μm) NovaPak C8 column at
28°C and eluted with 1.4 ml/min of 15:85 isopropanol/
water (v/v). A calibration standard (8095 Calibration
Mix A at 10 mg/L in acetonitrile) was prepared from
reference materials obtained from Restek Corporation
(Bellefonte, PA). The analytical reference material
included the target analytes except MNX, DNX, and
TNX that were obtained from Dr. Ronald J.
Spanggord at the Stanford Research Institute (Menlo
Park, CA). The percent relative standard deviation of
the explosive compound measurements, based on
numerous analyses of 100 ml of a laboratory spike
solution, was less than 2% for the analytes measured.

Following the 141-day batch experiment the batch
reactors were allowed to settle for 24 h and as much
liquid as possible was decanted with a pipette. The
remaining wetted mineral material was air-dried in a
convection oven at 25°C until dried (48 h). A 10-mL
aliquot of HPLC-grade acetonitrile was added to the
dried samples to extract energetic residues (Sunahara
et al. 1999; USEPA 2000; Walsh 2001). These
samples, representing the acetonitrile-extractable
explosive concentrations at the end of the batches,
were placed on a platform shaker for 18 h at
200 rpm. One milliliter of the acetonitrile extract
was mixed with 3 mL of 18 MΩ water and filtered

Water Air Soil Pollut



through a Millex-FH PTFE (Teflon) 0.45-μm filter.
Concentrations of TNT, 2,4-DNT, HMX, RDX,
2ADNT, and 4ADNT from the soil extract solutions
were determined following the procedures outlined
above for aqueous samples.

3 Results and Discussion

3.1 Sample Detonation and Collection

Following detonation, a gray to black sooty sheen
was evident on the surface of the samples (Fig. 1;
Douglas et al. 2009a, 2011a; Jaramillo et al. 2011).
Some material was shattered into smaller size frac-
tions but clumped aggregates of samples were also
present. Two sets of samples were collected from each
of the detonation cans. The upper 0.5 cm of mineral

material was collected into high-density polyethylene
bags using a precleaned polytetrafluoroethylene
(Teflon) scoop. These samples were labeled “surface”
and contained lightly aggregated particles coated with
grayish soot. The remaining material, the “bulk”
sample, was collected into a separate bag. We did not
detect any undetonated Composition B particles in any
of the samples through a ×10 microscopic screening.

3.2 Chemical Composition, Mineralogy, and Surface
Area Measurements of Pristine and Detonated
Samples

Triplicate energy-dispersive X-ray spectrometry anal-
yses of our pristine minerals are shown in Table 1. A
comparison of pristine and detonated samples yielded
statistically significantly similar elemental concentra-
tions (analysis of variance with α=0.05) which

Fig. 1 a undetonated Ottawa
sand and b detonated
Ottawa sand exhibiting the
gray to black sooty sheen of
detonation residues. c
Undetonated vermiculite
and d vermiculite following
detonation. The scale bar
numbered intervals are in
centimeters

Water Air Soil Pollut
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suggests the detonation process did not significantly
alter the overall sample composition. The EDS results
also confirm the high iron content of the nontronite
clay compared to the other minerals.

A detailed comparison between the pristine and
detonated X-ray diffraction patterns suggest that the
structure of the low temperature minerals calcite and
vermiculite were altered by detonation in some
samples. The Ottawa sand samples include the
minerals quartz, calcite, and dolomite. However, in
some detonated Ottawa sand samples the highest
intensity peak for calcite at 29° 2Θ was almost
completely absent in the diffraction patterns. In the
vermiculite bulk samples the high intensity peaks at
7° 2Θ and 27° 2Θ are shifted by roughly 1° 2Θ
following detonation. These mineralogical changes
are likely attributable to the intense heat (2,400°C)
and shock pressures (34 GPa) associated with
Composition B detonation (Donnet et al. 1997;
Keshavarz and Nazari 2006) and the relatively low
temperature for calcite stability (melting temperature
of 825°C) and vermiculite dehydroxilization (110°C;
Justo et al. 1993). None of the other samples
exhibited changes in their X-ray diffraction patterns
following detonation.

Results from BET measurements indicate detona-
tion changes the gas adsorption surface areas of some
samples (Table 2, Fig. 2). Vermiculite, nontronite, and
beidellite gas adsorption surface areas were statisti-
cally significantly lower in the detonated samples than

in the pristine ones (analysis of variance with α=0.05).
Ottawa sand and microcline also had lower gas
adsorption surface areas following detonation but
the differences were not statistically different.
Phlogopite, muscovite 1, and muscovite 2 saw
increased gas adsorption surface areas following
detonation but the values were not statistically
different. The decreased gas adsorption surface areas
following detonation in the vermiculite, nontronite,
and beidellite sample pairs are likely caused by
explosive residues, shock-induced compaction of the
mineral grains, partial fusion from the intense heat of
detonation, and/or sintering of grains (Douglas et al.
2011b).

3.3 Batch Experiment Aqueous and Mineralogical
Samples

The explosive compound concentrations measured in
the batches over time are presented in Figs. 3 and 4.
The data points represent the mean (symbols) ±1
standard deviation value for the two samples collected
from duplicate batch reactors at each sample event. In
general, the standard deviation values are within 15%
of the concentration at a given sampling time. This
suggests explosive residue loading to the batch
substrates and the chemical and physical processes
that control the explosive analyte concentrations over
time are consistent and reproducible.

Fig. 2 The specific surface
areas of our samples mea-
sured using Brunauer et al.
(1938) theory. Open sym-
bols denote pristine samples
prior to denotation while
closed symbols represent
detonated samples. Hori-
zontal bars denote the mean
and vertical lines represent
the standard deviation of the
values (N=3)
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TNT has been shown to readily sorb to soils
(Pennington and Patrick 1999; Hundal et al. 1997;
Brannon et al. 2002; Larson et al. 2008; Douglas et al.
2009b, 2011a), soil organic matter (Weissmahr et al.
1998; Eriksson et al. 2004), and clays (Weissmahr et
al. 1997). Sorption is one way TNT could be lost from
batch solutions over time. The reductive transforma-
tion of TNT to the monoamino-dinitro-toluenes
2ADNT and 4ADNT would also lead to a decrease
in TNT aqueous concentrations. TNT reductive
transformation is attributable to biotic and abiotic
activity on the surfaces of soil and mineral substrates
(Thorn and Kennedy 2002; Jenkins et al. 2006;
Jaramillo et al. 2011; Douglas et al. 2011a, b).

The monoamines 2ADNT and 4ADNT were not
present in our Composition B and were not detected
in the acetonitrile-extracted samples of the minerals
immediately following detonation. As such, their
presence in the batch aqueous samples and the
acetonitrile-extracted samples at the end of the
batches (Table 2) can most likely be attributed to
TNT transformation. 2ADNT and 4ADNT were
generally not detected in the initial few batch aqueous
samples (i.e., not within the first 9 to 17 days) but
they were measured in all of the batches by day 52.
2ADNT and 4ADNT undergo transformation to
monoamino and diamino metabolites (LaChance
2004) which we did not measure. As a consequence,

Fig. 3 Explosive compound
concentrations measured
from aqueous samples col-
lected during the 141-day
batch experiments for six of
the pure minerals detonated
in this study. The error bars
denote ±1 standard
deviation of the values
measured from the duplicate
batches representing each
mineral
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we cannot discern the amount to which adsorption
versus transformation control the 2ADNT and
4ADNT concentrations in the batch slurries.

In all of the aqueous batch samples, except for
beidellite batches, the RDX concentrations are greater
than TNT (Figs. 3 and 4). The Composition B we used
has a TNT/RDX ratio of 39/60 with 1% wax (U.S.
Army 1990; Jaramillo et al. 2011). The phlogopite,
beidellite, and vermiculite batch aqueous TNT/RDX
values initially yield this ratio but over time the two
analytes are present in similar concentrations due to
the dramatic loss of both analytes from solution over
time. This loss of both analytes from solution could
be attributable to adsorption onto the minerals and/or
the transformation of both analytes.

In general, the batches begin with low aqueous
explosive compound concentrations and exhibit
steadily increasing values for the first four sample
events representing the first 34 days. For all of the
samples except phlogopite, vermiculite, and beidellite
the values remain somewhat consistent to the end of
the batches. These stable values represent batches for
which dissolution, sorption, and transformation pro-
cesses appear to have reached equilibrium. Table 2
includes the apparent equilibrium explosive concen-
trations calculated from the final three samples in
these batches (Douglas et al. 2011a). In the phlogo-
pite, vermiculite, and beidellite samples the TNT and
RDX concentrations decrease steadily after the first
few sample events. This is likely due to adsorption of

Fig. 4 Explosive compound
concentrations measured
from aqueous samples col-
lected during the 141-day
batch experiments for five of
the pure minerals detonated
in this study. The error bars
denote ±1 standard
deviation of the values
measured from the duplicate
batches representing each
mineral
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the explosives from solution onto the mineral surfaces
and/or the transformation of these explosive analytes
to other compounds.

Recent results from an investigation of explosive
residues in aqueous batches of detonated soils
(Douglas et al. 2011a) and metal oxides (Douglas et
al. 2011b) have shown that RDX detonation residues
undergo both sorption and transformation to MNX
and DNX. We identified MNX and DNX in all of the
Ottawa sand batches, in both the muscovite 1 and
muscovite 2 batches from day 34 onward, and in
vermiculite during the final two sample events. Their
values stayed below 1 mg/L and the MNX concen-
trations were always roughly twice the DNX values.
We did not detect MNX or DNX in any of the
phlogopite, vermiculite, or beidellite aqueous sam-
ples. The nitroso MNX and DNX are transient
intermediates in the transformation of RDX to
formaldehyde, nitrous oxide gas, and ammonium so
it is possible that they were present briefly but were
transformed in the batches (Larese-Casanova and
Scherer 2008; Boparai et al. 2010).

3.4 A Conceptual Model of the Fate of Nitramine
and Nitroaromatic Compounds in Detonated Soils

Figure 5 presents a conceptual model synthesizing the
physical and chemical processes developed from the
results of this study and from three companion
investigations (Douglas et al. 2011a, b; Jaramillo et
al. 2011). At time 0, ultrapure water is added to the
batch reactor and the initial explosive analyte con-
centration (Co) is measured. At step 1, the solution
chemistry is controlled by the dissolution of the
explosive compound residues and undetonated explo-
sive materials. Dissolution is governed by competing
sorption/transformation processes. An apparent equi-
librium or steady-state (step 2) between the dissolu-
tion and sorption/desorption processes is reached over
time through a balance of: sorption onto mineral
surfaces; dissolution/precipitation depending on the
analyte solubility in water (i.e., if the system has
reached saturation with respect to a stable solid
phase); and dissolution of explosive compound
residues and undetonated primary explosive material.
For conservative compounds that do not transform or
undergo sorption or for non-reactive substrates (like
microcline and Ottawa sand) this may be maintained
indefinitely. In the later period of stage 2, steady-state

concentrations of transformation products may be
reached where the rates of formation and transforma-
tion are equal. For compounds like TNT that
transform and/or sorb to mineral surfaces the primary
explosive compounds are lost from solution in step 3
(i.e., phlogopite, beidellite, and vermiculite). In step 4
transformation products like 2ADNT and 4ADNT
begin to appear (i.e., microcline, Ottawa sand,
muscovite 1, and muscovite 2). These compounds
either reach equilibrium or undergo transformation
(step 5) and are lost from solution. Depletion of the
explosive analytes is followed by a decrease in the
concentration of transient transformation products.

4 Conclusions

Three important results emerge from this study
illustrating how explosive detonation loads explosive
residues to minerals in a manner markedly different
than what is represented by aqueous addition. First,
there are mineralogical changes to low temperature
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Fig. 5 A conceptual model of how desorption/sorption,
dissolution, and transformation processes affect explosive
compound concentrations in detonated minerals over time.
The initial explosive concentration is measured immediately
following the addition of ultrapure water (at time 0). (1)
Dissolution of residues and undetonated explosive materials.
(2) Apparent equilibrium for dissolution, sorption/desorption
processes. For nontransforming compounds this may be
maintained indefinitely. (3) Transformation leads to loss of
primary explosive compounds from solution. (4) Transforma-
tion products begin to appear and reach equilibrium between
sorption and transformation processes. (5) Transformation
products transform and are lost from solution
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minerals (calcite and vermiculite) following detona-
tion that show soil mineralogies at impact areas may
be altered by detonation events. Second, the mineral-
ogical surface is altered by detonation. The three
samples with the largest gas-exchangeable surface
areas exhibited the largest decrease in gas-exchangeable
surface area following detonation. The rest of the
samples exhibited little change in gas-exchangeable
surface area following detonation. Processes that could
change the surfaces (and surface areas) of detonated
minerals or soils include temperature or shock-induced
melting, coating by residues, shattering of substrates,
and sintering. Third, some mineralogies are associated
with an enhanced loss of explosive compounds from
solution and this is potentially caused by transformation
and/or sorption. Phlogopite, beidellite, and vermiculite
samples were associated with the greatest loss of TNT
and RDX from aqueous solutions over time. These
minerals are all phyllosilicates and some (such as
beidellite and vermiculite) have swelling capabilities.
Clearly the surface geochemical and physical interac-
tions between explosive compounds and these three
minerals warrant additional research.

The results from this and other studies suggest
training and demolition ranges where explosives are
commonly used could be designed using preferred
soil characteristics or commonly available mineral
substrates as amendments to enhance range sustain-
ability. Applying reactive mineral substrates onto
locations with high explosive residue concentrations
could lower the environmental risk associated
with training or demolition ranges by promoting
the retention and/or transformation of explosive
compounds.
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